The phytochrome-induced expression pattern of the chlorophyll a/b binding protein (cab) gene was studied using a cab2::luciferase reporter transgene in the tobacco cotyledon. The role of developmentally regulated competence, cooperativity among cells and signal propagation was investigated by red-light microbeam irradiation of distinct areas of the cotyledon. Even with a minimal fluence, the response was not restricted to the irradiated cells. Following irradiation of the cotyledon base, the luciferase activity revealed a robust propagation of activating signals to areas that had not received a light stimulus. The acropetal outspread formed distinct expression patterns depending on the site of the irradiation. The combination of imaging luciferase activity in living seedlings and microbeam microscopy provides significant experimental evidence of how cellular light perception and intercellular signalling contribute to the cab gene expression pattern.
Introduction
Light is the essential energy source for photosynthesis. Therefore, mechanisms of adaptation to different light environments have evolved in non-motile plants. The influence of light on plant development has been studied for decades (Kendrick and Kronenberg, 1994) with the focus on the transition of dark-grown seedlings to photomorphogenesis. Upon an inductive light signal, several protein components of the photosynthetic apparatus are rapidly expressed, including the highly abundant ribulose-839 1,5-bisphosphate-carboxylase and chlorophyll a/b binding protein, encoded by the rbcs and cab genes, respectively.
Phytochrome is one of the major photoreceptor pigments sensing the light environment, which exhibits photoreversible interconversion between two spectrophotometrically different forms: the red-light absorbing form Pr, and the far-red light absorbing form Pfr (Butler et al., 1959) . Upon red-light irradiation, Pr transforms to Pfr, which is believed to trigger light responses, including the induction of cab transcription (Thompson and White, 1991) . Lightlabile type I phytochrome was reported to mediate nonreversible, very-low-fluence responses (VLFR) (Shinomura et al., 1996) , whereas the type II phytochrome is more likely to display the red/far red reversible low fluence response (LFR) reported for CAB expression (Wehmeyer et al., 1990) .
The spatial pattern of cab gene expression has been more recently studied using reporter gene fusions (Kretsch et al., 1995) . The mechanisms underlying such spatial patterns are unknown, but several models have been proposed. A well-established concept is based upon 'cell competence' (Mohr, 1983) . Cellular competence is understood as the sensitivity of cells towards a stimulus, e.g. light. Differences in 'competence' from cell to cell will result in differing responses, such as the level of cab expression. These cell-autonomous reactions eventually form the overall response pattern, just as single stones build up a mosaic. For instance, the margins and veins in mustard cotyledons are competent to initiate anthocyanin formation earlier than the cells of the intercostal lamina. This 'pattern of competence' was postulated to be responsible for the initial pattern of pigmentation (Steinitz and Bergfeld, 1977) . The flavonoid biosynthetic genes in germinating Arabidopsis seedlings are expressed in a 'developmental competence window' (Kubasek et al., 1992) . As a further example, a cab::GUS fusion showed that the light-exposed hypocotyl base only has the competence to express the cab gene in early stages of development (Kretsch et al., 1995) .
Cell competence seems to play a significant role in plant development. However, intercellular communication is also required: the development of the whole plant requires coordinated responses between cells. For instance, only a few cells may perceive light in the soil, but finally all cells of the emerging seedling switch to photomorphogenesis. As a new approach to this question, imaging techniques allow us to localize responses at the cellular level, and thus to assay cellular competence. However, the photoperceptive site may be distinct from the cells that mediate the final response (i.e. the competence to perceive light may be uncoupled from the capacity to respond). To investigate this, localized light treatments are required. 'Spot' illumination under a microscope with a microbeam irradiator has previously been employed to investigate the localization of phytochrome. In pioneering work, Haupt (1970) showed that Pfr is located in the outer cytoplasm or the plasma membrane of Mougeotia, from where it controls the position of chloroplasts. By a similar method, photoperceptive sites regulating the timing of cell division in Adiantum were discovered by Wada and Furuya (1978) . More recently, the propagation of a suppressive signal modulating anthocyanin synthesis was demonstrated by Nick et al. (1993) using microbeam irradiation in mustard cotyledons. The mustard system thus combines a pattern of competence with intercellular signalling.
In the present study, we used the microbeam irradiator to study the spatial pattern of cab transcription with the luciferase reporter system. We irradiated a small number of cells with a micro-beam. Activation of the cab promoter was revealed in planta via imaging of the luminescence emitted by the induced luciferase reporter. In contrast to other methods, the approach is non-invasive and plants can be individually and repeatedly monitored in large numbers. The very sensitive detection method provided significant evidence for long-range, directional signals that influence the phytochrome-induced expression pattern of cab in etiolated tobacco seedlings.
Results

Type II phytochrome induction of cab gene expression by illumination of the entire plant and microbeam irradiation
Transgenic tobacco seedlings containing the cab2::luc fusion were grown in darkness for 6 days, and then exposed to light treatments. The luciferase-mediated luminescence was measured after 4 h (which corresponds to the acute mRNA peak of cab in tobacco; Millar and Kay, 1992) . Darkgrown seedlings displayed a weakly visible activity of~650 counts/10 sec (Ϯ25% SD, not shown) when pre-treated (see Experimental procedures). Under these specific conditions, very low fluence (VLF) treatments did not increase this activity. In contrast, 2 min exposure in a classical red-light box referred to as an 'entirely irradiated seedling' (total fluence of 265 µmol m -2 ) was sufficient to induce maximal bioluminesence of~2000 photons per sec and per seedling (not shown). In the equivalent micro-irradiation experiment, saturation was obtained with a red-light irradiation at the same total fluence (Figure 1 ). These saturating conditions (25 µm spot, 12 sec irradiation with a total fluence of 220 µmol m -2 ) were maintained for the following experiments unless otherwise indicated. The fluenceresponse curves are in both cases in the range of a type II phytochrome induction reaction (Furuya, 1993) . The red/ far red reversible feature of type II reactions could be demonstrated for both experiments (data not shown). Figure 2 shows typical results after exposure of the seedling to light: a broad luminescence activity after irradiation of the entire seedling ( Figure 2a ) compared with the luminescence induced using the standard microbeam irradiation procedure (Figures 2b-e) . Luminescence induction was never limited to the cells exposed to the microbeam, suggesting that cab expression was induced in cells that did not directly perceive light.
Pattern of cab gene expression in response to microbeam irradiation
Location of the photosensitive cells
In order to determine which cells were competent to induce cab gene expression in the whole seedling, various sites were irradiated in 6-or 7-day-old seedlings. Figure 3 shows the locations chosen for microbeam irradiation and the luminescence values induced in the whole seedling by each irradiation. Only irradiation of the five arbitrarily defined segments of the cotyledon (Figure 3f -i) triggered a response. Treatment of other locations did not induce significantly more luminescence than the dark controls. A clear distinction was found between the light-sensitive base of the cotyledon (Figure 3f ) and the adjacent but nonresponsive hook (Figure 3d and e), for example.
Microbeams of super-saturating intensity (10-20 W m -2 , total fluence~1000 µmol m -2 ) were used in these experiments, to assess the maximal possible impact of light The density of the counted photons is represented by pseudocolouring (blue ϭ lowest, red ϭ highest activity) for the different light treatments: (a) (2minR) irradiation of the whole seedling, and micro-irradiations of (b) segment 1, i.e. the tip, (c) segment 3, i.e. the middle, (d) segment 5, and (e) segment 2 of 6-day-old dark-grown seedlings. A standard irradiation procedure (25 µm spot, 12 sec for 220 µmol m -2 ) was followed.
scattering (see Discussion). To rule out an effect of cell size and shape, similar-looking cells were irradiated in each segment. Control irradiations of empty seed coats or seedlings adjacent to the hypocotyl (Figure 3c ) or the cotyledon tip ( Figure 3j ) induced no significant luminescence, suggesting that light scattering made a minimal contribution to these results.
Developmental regulation of the response
The extent of cab induction by local irradiation is dependent on the location of the irradiation (Figure 3 ). The age of the seedling also influenced luminescence induction in response to irradiation of the cotyledon tip. Figure 4 shows Irradiation of 6-or 7-day-old dark-grown tobacco seedlings was carried out with the standard parameters (see Experimental procedures), except for a higher red-light fluence beam (1000 µmol m -2 ). The response activity of the whole plant is given for each local exposure of the different sites (a-j) as indicated in the legend. For a light-scattering control, a seed coat was put next to the seedling and was similarily irradiated (c,j). Data for 6-and 7-day-old seedlings were similar and therefore not distinguished. The resulting luciferase activity is represented as a percentage of the dark level photon counts (~650 photons per 10 sec per seedling Ϯ 25% SD). The standard error bars are given for averaged values, with n above 25. The value after irradiation of the entire seedling would be around 350% (not shown).
the pattern of luminescence in the hook and the five segments of the cotyledon (see Figure 3 ) following irradiation of the cotyledon tip in 6-, 7-and 8-day-old seedlings using the standard micro-irradiation procedure. The luciferase activity is represented in Figure 4 for unirradiated ('Dark') and entirely irradiated seedlings ('2minR'). Both activity distribution profiles are similar in shape, with an overall higher level for the irradiated samples. Seedling age had no clear influence on the pattern following illumination of the entire plant, except that maximal luminescence in 8-day-old seedlings was shifted towards the cotyledon tip.
Microbeam irradiation of the cotyledon tip alone induced a distinct luminescence pattern (Figure 4a, j) . Cab expres-sion in the irradiated tip segment was induced to the same level as the 'entirely irradiated' control. Segment 2 showed a lower induction (30% of the 'entirely irradiated' control) and the remainder of the cotyledon was not induced. Local irradiation thus induced a local response.
The shaded area in Figure 4 (a-c) corresponds to the activation after exposure of the tip, replotted in the insets as the percentage of activation in the 'entirely irradiated' controls. The spatial distribution of the response was dependent on the age of the seedling. cab expression was more widely induced by irradiation of the cotyledon tip in 7-and especially in 8-day-old seedlings ( Figure 4b and c).
The 6-and 8-day-old cotyledons were comparable in shape and structure, suggesting that light-scattering properties were unlikely to vary with ageing. The response of the non-irradiated hook and segments 2-5 thus depends on a signal from the irradiated tip of the cotyledon, and this signalling mechanism depends on the developmental stage of the seedling.
Location of the responsive cells
The location of the irradiated cells might also influence the induction signal. The pattern of cab induction was therefore analysed following microbeam irradiation of various locations within the cotyledon in 6-day-old seedlings. Figure 5 shows results for the irradiation of cotyledon segments 1, 2, 3 and 5 using the standard micro-irradiation procedure. Following exposure of segments 1 and 2, the irradiated and the immediately adjacent segments exhibit strong luminescence induction (Figure 5a and 5b). In sharp contrast, irradiation of the middle or the base of the cotyledon induced a widespread response but at lower levels ( Figure  5c and d). The responsiveness of the irradiated segment alone decreased from the cotyledon tip, segment 1 (98% of the level after exposure of the entire plant) and segment 2 (70%) to segments 3 (24%) and the base, segment 5 (23%). This indicates that both the responsiveness of the irradiated cells and the overall pattern of induction depend on the location of the irradiated cells.
Asymmetry of the response
The responses to local irradiations were not symmetrical: irradiation of segment 3 induced segments 1 and 2 to twice the level of segments 4 and 5. The responses were also not reciprocal: irradiation of segment 1 induced no response in Figure 4 . Activity distribution over the cotyledon after micro-irradiation of the cotyledon-tip at days 6, 7 and 8. Seedlings were grown in darkness for (a) 6 days, (b) 7 days, (c) 8 days on water agar with 2% sucrose. Plants were assayed for luciferase activity directly (dark, r), after irradiation of all segments (2minR), i.e. the entire plant (d), or after micro-irradiation of the tip of the cotyledon only (j). For the different treatments, the luciferase activity of segments 1-5 and of the hook are given in averaged photon counts per 10 sec with standard error. In the small inset, the elevated activation after tip-irradiation (shaded area between curves j and r) is represented for segments 1-5 as a percentage, from 0% (the dark control level) to 100% (the activation caused by irradiation of the entire seedling. The dark spot in the inset indicates the position of the microbeam irradiation on the cotyledons. A standard irradiation procedure (25 µm, 12 sec and 220 µmol m -2 total fluence) was followed. segment 3 but irradiation of segment 3 induced segment 1 to 40% of the 'entirely irradiated' control level. In general, irradiation of segments 1 and 2 induced little response in the more basal segments (Figure 5a and b) , whereas irradiation of segments 3 and 5 induced segments 1 and 2 to levels as high or higher than the irradiated segments (Figure 5c and d) . These results suggest that the induction of non-irradiated segments occurs in a preferential direction.
Fluence-response relationship
In contrast to segment 1, irradiation of segment 2 gave a high absolute induction of luminescence, yet the microbeam treatment did not result in maximal activation (only 70% of the level of the entirely-irradiated seedling, Figure 5a and b). As we had observed a type II phytochrome reaction for irradiation of the entire seedling, we studied the fluence-response relationship of cab induction for micro-irradiation of segment 2, with the following predictions: (i) a saturation level as found after exposure of the entire seedling should be found for the micro-irradiated segment, (ii) local signalling should result in a similar fluence-response curve for adjacent segments, and (iii) no activation of segments 4 and 5 should occur. For irradiation within segment 2, microbeam treatment with a fluence of 220 µmol m -2 induced luminescence to 80% of the level observed by irradiation of the whole seedling with the same fluence (Figure 6b ). Higher fluences of microbeam irradiation did not induce luminescence above 85% of the maximal level, in contrast to prediction (i). The response of segment 2 must therefore be saturated at approximately 250 µmol m -2 , similar to the response of the whole cotyledon after micro-irradiation (Figure 1 ), but resulting in a lower level of cab expression. This result suggests that light scattering to adjacent cells from the Figure 6 . Fluence-response curve for the microbeam-irradiated segment 2 and the other non-irradiated segments. Dark-grown seedlings (6 days old) were micro-irradiated with the standard tiny spot (25 µm diameter) in segment 2 of the cotyledon. Different fluences (10-1000 µmol m -2 ) were applied to segment 2 and the responses were simultanously monitored in non-irradiated segment 1 (a), the microbeam-exposed segment 2 (b), non-irradiated segment 3 (c), and unexposed segments 4 and 5 (these were so similar that only data for the segment 5 are shown) (d). The 100% point (j) refers to the maximal activity obtained after the classical irradiation of the entire cotyledon with a typical fluence of 265 µmol m -2 .
irradiation site does not contribute to the induction of cab expression in the irradiated segment. In agreement with prediction (ii), adjacent segments (1 and 3, Figure 6a and c, respectively) react in parallel to the irradiated segment, although the responses saturated at different levels, as described above. The more distant segments exhibited only a slight increase in luminescence at all fluences (e.g. segment 5, Figure 6d ), in agreement with prediction (iii).
Taken together, these results indicate that the response to light is restricted to the irradiated segment and is governed by the endogenous characteristics of that segment. A signal other than light induces cab expression in adjacent segments, with greater induction in segments proximal to the cotyledon tip.
Discussion
The red/far red reversibility of the cab gene induction in tobacco seedlings was shown by Wehmeyer et al. (1990) . Given the existence of a non-reversible PhyA-mediated very low fluence reaction (Shinomura et al., 1996) , we examined whether cab activation displays a type-II fluenceresponse curve for micro-irradiation and illumination of the entire seedling. Our results (Figure 1 ) suggest that type II phytochromes contribute to the induction over the 'dark' level. This induced increase in luciferase activity could be reverted by a far-red irradiation. The 'dark' background level is likely to be due to CAB induction by sucrose in the medium (Brusslan and Tobin, 1992) . Under our conditions, microbeam-irradiation results in a light-stable Pfr induction similar to classical irradiation of whole seedlings.
As the microbeam system irradiates only a few cells of cab::luc tobacco seedlings, we could test the cell-autonomy of cab gene induction. The spatial pattern of the transcriptional response to light was measured using luciferasemediated luminescence, detected using a video imaging system (see Experimental procedures). cab induction was not limited to the microbeam-irradiated cells in any experiment (see Figure 2 for examples).
Light-scattering is not responsible for cab induction patterns
Microbeam irradiation is a well-established method (reviewed in Furuya and Inoue, 1994) and potential artefacts, such as light scattering, have been characterized. The irradiator was improved for these studies, such that no light-scattering could be measured from the microbeam in the plane of the sample (see Experimental procedures). Observable light-scattering of our 25 µm diameter beam in plant tissue was restricted to 30 µm at the most (approximately five cell diameters) when the highest fluence (1000 µmol m -2 ) was applied. Consistent with this result, irradiation of seed coats or other seedlings placed adjacent to the tip of the cotyledon did not induce cab expression, in contrast to the high induction from direct irradiation of the tip (Figure 2 and unpublished results) . Light-piping (Mandoli and Briggs, 1982) within the plant cells might not be so readily observable. However, in addition to our controls and the physical measurements of scattering, five features of our results strongly suggest that intercellular signalling is responsible for the observed cab induction in non-irradiated cells. (i) The pattern of cab induction depends on the age of the cotyledons. The structure of 6-and 8-day-old cotyledons is not visibly different, so light scattering or piping are not expected to change with age. Microbeam irradiation of the cotyledon tip on day 6 gave very localized cab induction (Figures 2b and 4a ) but on day 8, induction was extended to the whole cotyledon (Figure 4c) . The age-dependence may instead reflect developmental regulation of putative signalling pathways (see below).
(ii) cab induction occurs in all parts of the cotyledon after irradiation of the base. If this result is solely due to scattering, irradiation of the adjacent hook would result in a similar activation, which is not the case (Figure 3d and e). (iii) cab induction does not decrease exponentially from the site of irradiation, as expected of scattered or piped light. Induction may in fact be higher in non-irradiated than in irradiated cells (Figure 5c and d) . This result does not reflect a limitation in the response of the irradiated segments, as our data are normalized to the levels of luminescence in each segment of a 'entirely irradiated' seedling, nor does it reflect a higher sensitivity to light in the non-irradiated segments. Irradiation of the cotyledon base with 220 µmol m -2 induces 40% maximal luminescence in segment 2 (Figure 5d) , similar to the level induced by direct irradiation of segment 2 with 66 µmol m -2 (Figure 6b) . Irradiation of the distant base would result in a much lower fluence within segment 2 by light scattering alone. (iv) The pattern of cab induction is asymmetric, and induction of distant segments is not reciprocal. Light scattering would be expected to give a circular pattern of induction. In contrast, the induction of the more apical segment adjacent to the site of irradiation was usually higher than that of the more basal segment (Figure 5b-d) . Light pipes are bi-directional, but irradiation of the cotyledon tip causes no induction in the cotyledon middle or base in 6-day-old seedlings ( Figure 5b ), whereas irradiation of the base induces cab in the whole cotyledon, including the tip (Figure 5d ). (v) Deliberately irradiating the vasculature as opposed to the mesophyll tissue did not alter the bioluminescence patterns (data not shown). Therefore, we conclude that possible light-piping structures do not affect the results.
Cell autonomy of phytochrome phototransduction
The spread of cab induction to non-irradiated cells contrasts with the emphasis of other recent results and models on the cell autonomy of light-regulated gene expression. Studies of the hypocotyl of a phytochrome-deficient tomato mutant, for example, showed that micro-injection of phytochrome holoprotein into a single cell induced chloroplast development only in the injected cell (Neuhaus et al., 1993) . Micro-injection of high concentrations of Ca 2ϩ , in contrast, induced chloroplast development in the neighbouring cells as well. The phytochrome signal transduction pathway was therefore cell-autonomous, although at least the Ca 2ϩ step has the potential to mediate intercellular communication. Our data may not be directly comparable with the micro-injection studies. First, the tobacco and tomato systems differ in several respects. Microbeam irradiation of the tobacco hypocotyl (Figure 3b ) did not induce cab expression. Second, our irradiation treatments would activate all forms of phytochrome, whereas the microinjection experiments used only phytochrome A. Furthermore, micro-injection addresses a single cell, whereas light scattering makes this impossible under our experimental conditions. Previous studies have demonstrated a significant difference in the responses to irradiation of small (three or fewer) and of large (nine or more) groups of cells (Nick et al., 1993) .
The competence model of Mohr (1983) proposes that cells have a differing ability (or competence) to react to a given fluence of light. The spatial pattern of cab expression induced by irradiation of the whole seedling, with highest expression in the centre of the cotyledons (Figure 2a ), is consistent with such a model. Varying levels of cab induction would be caused by differences in the competence of the cells to respond to light, independent of the responses of neighbouring cells. Microbeam irradiation of the hook, for example, induced little or no cab expression (Figure 3d and e), although phytochrome is strongly expressed in this tissue (Adam et al., 1996) . In contrast, irradiation of the adjacent cotyledon segment 5, 100 µm from the hook, caused a strong induction (Figure 3f ). The competence of the cells should be the same, however, irrespective of the method of light treatment. Microbeam irradiation should induce cab expression in the irradiated cells equal to that of a complete irradiation of the seedling with an equal fluence. This prediction was borne out only for irradiation of the cotyledon tip (segment 1) (Figure 5a ). Irradiation of all other locations induced lower levels of cab expression, sharply contrasting with the cell-autonomous model. Increasing the fluence of the microbeam irradiation did not result in maximal induction even in segment 2, in which cab expression reached 80% of the fully irradiated level at an equal fluence (Figure 5c ). The maximal level of induction by microbeam irradiation may therefore be determined by a pattern of competence, from high (99%) responsiveness in the cotyledon tip to low (23%) responsiveness in the base. Such a pattern of competence may be due in part to underlying biological signals (see below). It implies that low responsive parts are mainly activated by other cells in the entirely irradiated cotyledon.
Cellular competence may also be altered by a developmental programme. The responsiveness of the cotyledon tip to microbeam irradiation did not exhibit such regulation, although the induction of more basipetal segments increased in 8-day-old seedlings, relative to 6-or 7-day-old seedlings. This could be interpreted as a developmentally regulated change in competence, increasing the sensitivity of the basal cells to the light scattered or piped from the irradiated tip. However, the results of Kretsch et al. (1995) and our unpublished results indicate that the sensitivity of the cotyledon to irradiation of the whole seedling decreases on day 8. Therefore, the change in competence is more likely to affect a signalling component downstream of the light stimulus. This signal is transmitted from the irradiated tip to the non-irradiated segments of the cotyledon.
An intercellular phototransduction pathway
A contrasting model (Nick et al., 1993) can explain several aspects of our results that cannot be explained by light scattering or light piping. The model proposes that both local cooperation and long-range directional signalling among cells strongly influence the patterns of phytochrome-regulated gene expression in mustard cotyledons. Our working hypothesis is that a signal regulating cab gene transcription is generated by irradiated cells and transmitted to non-irradiated cells. The phytochromeinduced signalling is red/far-red reversible and displays a typical 'escape reaction' (unpublished data). The signal is directional, and may induce cab expression in both adjacent and distant cells. Cells in distinct locations or of different ages may have differing competence for signalling or responsiveness. This model can account for several aspects of our data including asymmetrical patterns of cab induction, the greater activation within distant, non-irradiated segments than the irradiated cells, and the absence of reciprocal responses following irradiation of the cotyledon tip and the cotyledon base.
Neither direct microbeam irradiation nor the putative signal alone is sufficient to induce cab to the same level as a complete irradiation of the seedling. A significant cooperative effect is therefore required, integrating local phototransduction with long-range intercellular signalling.
Experimental procedures
Plant material, media and growth conditions
The experiments were performed with tobacco seedlings (Nicotiana tabacum cv. Xanthi) carrying the luciferase gene under the control of the -322 to ϩ3 Arabidopsis thaliana cab2 promoter fragment, as described in Millar and Kay (1992) . Plants were selfed in our laboratory and the homozygous progeny selected by further crossing and analysis of luciferase activity.
The seedlings were grown at 24°C in plastic Petri dishes on water agar medium (0.6%) supplemented with 2% sucrose. This medium was selected because of its low cab gene expression background. To obtain etiolated seedlings, germination was induced after imbibition of the seeds with white light treatment (see below) for 2 h. Seeds were subsequently transferred to darkness.
Light sources, light treatment and micro-beam irradiation
White light was obtained from fluorescence tubes (19 mmol m -2 s -1 ). For irradiation of the entire seedling, the plants were transferred for 2 min to a red light chamber (2minR, total fluence of 265 mol m -2 , 0.4 W m -2 by eight GE/HITACHI FL20SW-B fluorescence tubes). All manipulations were performed in darkness or if necessary under dim green light (National FL-10G, 0.2 µmol m -2 s -1 ).
For micro-irradiation, seedlings were cultivated on vertically stored agar Petri dishes in order to obtain plants oriented parallel to the agar surface. To facilitate the removal of testa with a pair of tweezers, high humidity was maintained throughout the cultivation.
Prior to the micro-irradiation, the cotyledons were aligned in a row and positioned under infra-red observation light (900 nm) of the microscopic photon-counting system. The system consists of a Nomarski microscope (Olympus Ltd, Japan) equipped with an infra-red VIM-camera as described by Schmidt et al. (1990) . The infra-red image of the seedling in darkness was displayed on a extra-fine pitch video monitor and stored on an optical disc. Thus, irradiation of either vasculature or mesophyll tissue could be performed.
The microbeam was generated by a 100 W Hg-lamp (Osram, Germany) and could be passed through a far-red or red interference filter (T max 78% at 660 nm, half bandwidth 32 nm). The beam intensity of the irradiator could be adjusted by neutral density filters and was measured with a digital power photometer (Model 835, Newport, CA). A special device was custom-made in order to centre the aperture in the light path of the irradiator. As an aperture, we used commercially available specimen mounts for electron microscopy (OKEN, Tokyo, Japan). Optimizing this device and the irradiation procedure minimized light scattering from the beam. As standard settings maintained in all experiments, we used the tenfold magnification and a 25 µm aperture, obtaining a microbeam spot of 3-5 cell diameters on the tissue. Background subtraction operations were applied to calculate a light intensity profile, which indicated that only a 30 µm radius (approximately five cell diameters) surrounding the irradiated cells received light within the detectable range of the VIM camera or approximately 0.5% of the peak intensity (data not shown).
Imaging of luciferase bioluminescence in intact seedlings
After the light treatment, plants were incubated for a further 4 h to reach maximum luciferase accumulation. For each microirradiation treatment, seedlings from the same agar plate were selected as internal dark controls and treated subsequently in the same manner.
Under dim green light, the seedlings were submerged individually in 5 mM D-luciferin solution (0.01% Triton X-100; Promega Corporation, Madison, USA) and were imaged exactly 11 min later. For photon-counting imaging, the seedlings were focused under the infra-red observation light using a fourfold magnification. The bioluminescence of the cotyledons was detected by a photon-counting camera (C2400-25, Hamamatsu Photonics K.K., Japan). After accumulation of the signals by an Argus-200 controller (Hamamatsu Photonics) the collected images were processed to obtain false-colour pictures (Figure 2 ), or were subjected to area analysis in order to quantify the activity in different parts of the cotyledon and the hook (e.g. Figure 4a ). Data were subsequently normalized to the maximal level of each segment measured after illumination of the entire seedling, as in Figure 4a . All experiments were performed in at least three different sets on different days.
Fidelity of the luciferase reporter
The fidelity of the luciferase reporter under control of the Arabidopsis cab2 promoter in the heterologous tobacco background has been demonstrated by Millar and Kay (1992) . We could repeat standard experiments: the luciferase induction kinetics, with a peak 4 h after red-light treatment, perfectly matched the data of Wehmeyer et al. (1989) . This was confirmed for the micro-irradiation as well as for the water agar medium used in our conditions. Furthermore, the luciferase reporter showed typical red/far-red reversibility in our experiments: far-red or red/far-red treatments resulted in dark level activity (data not shown). The luciferase reporter followed the developmental pattern of a lhcb::GUS reporter established by Kretsch et al. (1995) . Sucrose repression (J. Smeekens, personal communication) could be shown, indicating that the heterologous cab promoter reacts in parallel with the host CAB family (unpublished).
